The effects of environment and the high molecular weight glutenins on some quality properties (sedimentation volume, % protein content, and starch pasting viscosity) of bread wheat mutant waxy lines were evaluated. Thirty eight 100% amylose-free F 2 derived F6 and F 7 lines were used. The results indicated that the environment did not influence sedimentation volume, mixograph parameters and starch viscosity parameters of waxy flour. Variation in the % protein content was determined mainly by the environment. The sedimentation volume and the mixograph peak development time were influenced by the variation at over expression of Bx7 and the mixograph peak development time was influenced by the Glu-Dl locus. One starch viscosity parameter, time to peak viscosity, was influenced by variation at the Glu-Al locus. This parameter is significantly lower in the waxy lines than the parent line, which shows the influence of the waxy loci. No significant correlation was observed for sedimentation volume, mixograph parameters, protein content and viscosity parameters of waxy lines.
Introduction
In the majority of bread wheat varieties (Triticum aestivum L. genome AABBDD), the endosperm starch is composed of the polysaccharides amylose and amylopectin in the approximate ratio of 25:75% (Preiss 1991) . Amylose has alinear structure while amylopectin is branched. Amylose is synthesized mainly through the action of the enzyme "granule-bound starch synthase"(GBSS) (Echt and Schwartz 1981) which is coded by the Waxy loci (Wx). These loci are located on the short arms of chromosomes 7A and 7D and on the long arm of chromosome 4A, as a result of translocation from chromosome 7B (Naranjo et al. 1987) . Their products are three waxy isoenzymes which may be separated by electrophoresis (Nakamura et al. 1993 ).
Some wheat varieties have been found to have low amylose content and it has been observed from electrophoretic gels that one or more of these GBSS isoenzymes are not expressed. These varieties are referred to as "partial waxy mutants". It has also been observed that there is a relationship between the physico-chemical properties of starch from bread wheat and their content of amylose. In the case of wheats whose amylose content is close to 0% (is named waxy mutant), it has been observed that their starch viscosity properties differ from those of normal wheat as do those of the different "partially waxy mutants" (Hayakawa et al. 1997) . Kiribuchi-Otobe et al. (1997) and Kim et al. (2003) found that, in waxy wheat lines, the peak viscosity of starch measured by the Rapid Visco Analyser (RVA) occurred at earlier times than non-waxy wheats and at a temperature lower by between 10 and 15 °C than normal or partially waxy wheats. Kiribuchi-Otobe et al. (1997) and Kim et al. (2003) found that waxy lines had a peak viscosity higher than non-waxy, while the peak viscosity of waxy lines analyzed by Hayakawa et al. (1997) , Yasui et al. (1999) and Sasaki et al. (2000) had lower values than non-waxy. Bettge et al. (2000) reported that starch granules of waxy wheat were more susceptible to physical damage than those that contain amylose. Yoo and Jane (2002) and Kim et al. (2003) found that the crystallinity of waxy bread wheats was significantly greater than that of normal lines. This characteristic has also been observed in waxy lines of other cereal species such as barley (Song and Jane 2000) and potato (McPherson and Jane 1999) . Also the lack of amylose produces a reduction of staling in bread (Nakamura et al. 1995) .
In bread wheat, in addition to the type of starch that a variety has protein quality characteristics such as the baking strength and protein content are also of great interest to the flour and baking industry. The baking strength or gluten strength depends to a large extent on the genetic composition of the variety and the specific composition of the endosperm protein, particularly the insoluble fraction of glutenin of high molecular weight (Payne et al. 1979 ). These proteins, in bread wheat, are controlled by complex loci located on the long arms of group 1 chromosomes 1A, IB and ID (Payne et al. 1982; Shewry et al. 1992 ). The endosperm protein content, on the other hand, depends to a greater extent on the environment and agricultural practices.
The objective of the present work was to study the waxy mutant lines of bread wheat and the influence that the environment and the genotype (composition of HMW glutenin subunits) has on some of their quality parameters (sedimentation volume and mixograph parameters) and starch paste viscosity.
Materials and Methods

Plant materials
The experimental material included 38.0% amylose (i.e., waxy) F 6 and F 7 lines of bread wheat (Triticum aestivum L.) derived from crosses between the cultivar 'Califa' and the 'Waxy Line' triple mutant (100% amylopectin). This parental 'Waxy Line' was obtained by crossing the cultivar 'Bai Huo', which lacks the waxy protein Wx-Dl (alleles Wx-Ala, Wx-Dlb, Wx-Ble) with a Chinese bread wheat variety, which lacks the proteins Wx-Al and Wx-Bl (alleles Wx-Alb, Wx-Dla, Wx-Blb) . The waxy line mutants and the parentals were grown in the field in an experimental design with two random complete blocks each, in E.T.S.I. Agrónomos Agricultural Experimental Station, Madrid, Spain, in 2003 and .
Electrophoretic analysis
Glutenins were extracted from crushed grain (Singh et al. 1991 ) and the extracts fractionated by SDS-PAGE electrophoresis (Payne et al. 1980) . The 1B/1R translocation was detected by A-PAGE electrophoresis (Lafiandra and Kasarda 1985) . Waxy proteins were extracted from the flour, and electrophoresis performed as described by RodriguezQuijanoetal. (1998) .
DNA extraction was performed according to Saghai-Maroof et al. (1984) . PCR to determine the over-expression of Bx7 (7 OE ) was performed as described in Ragupathy et al. (2008) .
Evaluation of quality traits
Sedimentation volume (SDSS) was measured according to Dick and Quick (1983) . Mixograph peak mixing development time [MDT] and resistance to breakdown [BDR] were determined using 10 g of flour and a National Manufacturing Co. Mixograph (Lincoln, NE), as described by Finney and Shogren (1972) . All measurements were replicated twice.
Starch properties
Starch viscosity was analysed using a Rapid Visco Analyser (RVA-3D, Newport Scientific, Pty. Ltd.). Flour (3.5 g) was mixed with 24±0.1ml of distilled water and 1ml of AgN0 3 (10%) , and the mixture processed using profile standard 1 (Method ICC 162). Peak starch viscosity (PV), trough viscosity (TV), final viscosity (FV) and were then derived in rapid visco units (RVU), and the time to peak viscosity (TP), in min. from the rapid visco analysis curve. From these values were calculated breakdown (BKD, peak minus trough viscosity) and setback (SB, final minus trough viscosity). All measurements were replicated twice.
Statistical analysis
Statistical analysis was performed using statistical software (Version SAS Institute, 8.2). Analysis of variance (General Linear Model Procedure, F-test on type III sum of squares) was conducted to assess whether significant variation existed among genotype protein alleles and environments. The differences between the pairs of alleles were tested using the i-test. Linear relationships among all parameters were examined by generating Pearson correlation coefficients.
Results
The HMW glutenin subunit compositions of the parental 'Califa' and 'Waxy line' were 1, 7 OE +8, 5+10 and Null, 7*+9, 2+12, for Glu-Al, Glu-Bl and Glu-Dl loci, respectively. 'Califa' showed a 1B/1R translocation but in this study the lines analysed did not have the translocation. Figure 1 shows the over-expression of Bx7 (7 OE ) glutenin subunit present in 'Califa'. Figure 2 shows the RVA curves for 'Califa' and 'Waxy Line' (parents) and two waxy lines (W16 and W149). The HMW glutenin subunits of Glu-Bl locus of 'Califa' (7+8* subunits) have been called al alelle because until now the over-expression has been only described on this allele (Butow et al. 2004 ). Table I shows data for the sedimentation volume (SDSS), mixograph parameters (MDT and BDR) and viscosity parameters (PV, BKD, SB and TP) for the waxy lines F 6 and F 7 , the parent lines and the control varieties. Results of the tests (sedimentation volume, mixograph and starch viscosity) for the waxy lines had indicated that, for the majority of the tests, there is a wide range of values, as seen in Table 1 . For sedimentation volume, mixograph values and value of starch peak viscosity (PV) and breakdown (BKD) the ranges indicate that some of the waxy lines have values higher than the parents (Table 1) and that the average peak viscosity of the waxy lines are higher than their parents.
Averages and ranges for the parameters measured
Influence of environment and genotype on the different parameters
Analysis of variance (Table 2) shows that the sedimentation volume in these waxy lines is not influenced by environment but is influenced by the over expression of HMW glutenin subunit Bx7 (Bx7 OE ) controlled by locus Glu-Bl. The interactions and field replications are not including in the Table 2 of results because they are not significant. The model only explains 27% of the variation due to this effect. The sedimentation volume of the waxy lines that carry the Bx7 OE is significantly greater than those that do not (Table 3) . Analysis of variance for the starch paste viscosity measurements by RVA indicated that, in the waxy lines, none are influenced by environment (Table 2 ). Of the parameters that were analyzed, only the TP was influenced by genotype, this being due to variation at Glu-Al. The waxy lines with HMW glutenin subunit 1 at the Glu-Al locus showed peak viscosity at an earlier time than those with the null allele (Table 3) , even though the model explains only 22% of the variation. The mixograph parameters (analysed for 35, instead of 38, waxy lines) have an environmental influence (Table 2 ). For variation of the parameters MDT and BDR, there is an influence of genotype at locus Glu-Dl and for the variation of MDT, variation at Glu-Bl also has an influence. The model explains 74% and 46% of variability (for MDT and BDR respectively) due to environmental and genotypic variation. The waxy lines that carry the Bx7 OE or the pair 5+10 HMW glutenin subunits have higher MDT and lower BDR than those that do not have them (Table 3) .
Correlations between the quality parameters
The correlations between parameters are shown in Table 4 . The sedimentation volume correlates positively with MDT and negatively with BDR, both mixograph parameters. There is no significant correlation between sedimentation volume and the different parameters for starch paste viscosity. Among the parameters of starch viscosity, there is positive correlation between all of them, except for the time to reach peak (TP) which has a negative correlation with the rest of the parameters for starch viscosity.
Discussion
The results of this work indicate that the sedimentation volume, the mixograph parameters and the starch paste viscosity have a wide variability in the waxy lines of bread wheat. This variability is due mainly to influence of genotype for sedimentation volume, mixograph time to peak development (MDT) and time to reach peak starch paste viscosity (TP). It was also observed that the various waxy lines had higher values than their parent lines in the case of sedimentation volume, mixograph MDT and some of the starch paste viscosity parameters (PV and TV), which indicates that the waxy lines are transgressive for these parameters. The wide variability indicates that for the majority of the parameters that were analyzed, the behaviour does not differ from that expected for non-waxy lines, except that the time to peak paste viscosity were always less than those for the non-waxy parent line, 'Califa'. The behaviour for TP agrees with that described by other workers who have studied the viscosity for waxy lines of bread wheat (Hayakawa et al. 1997; Fujita et al. 1998; Kiribuchi-Otobe et al. 1997 Yasui et al. 1997 Yasui et al. , 1999 Graybosch et al. 2003; Kim et al. 2003) .
In non-waxy bread wheat, various authors (Butow et al. 2003 (Butow et al. , 2004 Radovanovic et al. 2002; Juhász et al. 2003) have described the effect of the presence of over expression of HMW-GS Bx7 (Bx7 OE ) at Glu-Bl locus in increasing the sedimentation volume and mixograph parameters. This effect had not been described for waxy lines of bread wheat. The results indicated that the Bx7°e subunit of the parent line 'Califa' agreed with that reported recently for non-waxy lines of bread wheat. The presence of this glutenin subunit exerts a positive effect on sedimentation volume and mixograph peak development time. In this way, it has a greater effect than that of the HMW glutenin subunits pair 5+10, which is considered to have the greatest effect on sedimentation volume and mixograph development time (Payne et al. 1980) . On the other hand, mixograph breakdown which estimates the dough resistance to over mixing is not influenced by the Bx7 OE subunit but influenced by HMW glutenins subunits 5+10.
These differences that have been observed in the waxy lines in our study due to the genotypic effect of loci Glu-Bl and Glu-Dl do not agree with the results of when they also analysed sedimentation volume and mixographs for waxy lines obtained from different origins and evaluated in different environments. In their case, the waxy lines had lower values of sedimentation volume and mixograph parameters than the non-waxy controls. These authors questioned whether this behaviour was due to the inherent nature of the waxy lines or if these lines, in particular, had a genotype with lower values for baking quality parameters.
Our results have indicated that the year does not have an effect on any of the parameters analyzed by the RVA for the waxy lines which is in agreement with the results of Graybosch et al. (2003) who analyzed waxy lines at three locations. Viscosity parameters for waxy lines were spread over a wide range as reported by Graybosch et al. (2003) and Han et al. (2004) , who also found a wide variation in the viscosity of waxy lines of bread wheat and rice respectively. It is interesting to note the wide range found for the peak starch pasting viscosity. This parameter is considered to be of great interest since it is one of the indicators for starch viscosity relevant to end use quality of wheat varieties. When the variety is non-waxy, a greater or lesser peak viscosity has been associated with the ratio of amylose/amylopectin of the endosperm starch (Zeng et al. 1997 ) and consequently with variation of genes at the Wx locus that control amylose synthesis. Thus, the fact that in this study the waxy lines which lack amylose, also showed variation in the peak viscosity, indicates that amylopectin and its genetic control could play an important role in determining the paste viscosity of these lines. In view of this, future work would be needed to measure the variability for those loci involved in the synthesis of amylopectin (loci She) for waxy lines of bread wheat. The correlations detected between different parameters that have been analyzed in waxy lines show that there is no correlation between the parameters that measure baking strength (sedimentation volume and mixograph parameters) and starch paste viscosity.
It can be concluded that, for the waxy lines that were analyzed, the genotype of the variety is involved in quality parameters of the waxy flour. The independence of baking strength and starch viscosity and the effect of genotype on both, could have much application for improvement to obtain lines with different characteristics, permitting selection for different end uses, based on physico-chemical properties
